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In earlier [1-6] investigations the practicality of using an 
embedded acoustic waveguide (AWG) for cure and NDE monitoring of 
composites was established. More recent work has been directed toward 
using the acoustic wave transmission between two waveguides embedded in 
a parallel position for measuring cure over a larger area, and also for 
sensing the presence of voids during cure. In order to evaluate these 
concepts, Nichrome waveguides (0.5 mm diam.) were embedded 10 cm apart 
within graphite-epoxy (AS4/3501-6) panels of approximately 30 cm by 30 
cm size. One panel had 0.16% by volume of hollow ceramic microspheres 
distributed between the volume enclosed by the waveguides and within the 
central prepreg sheets so that the concept of acoustically sensing voids 
formed during cure could also be evaluated. 
The experimental results and their implications are discussed in 
this paper, and apart from verifying the concepts of large area AWG cure 
monitoring and void sensing during cure, they also help to provide an 
insight into the sound absorbing characteristics of voids within a 
curing resin. 
CURE MONITORING WITH TWO ACOUSTIC WAVEGUIDES EMBEDDED WITHIN GRAPHITE 
EPOXY COMPOSITE 
Experimental Apparatus and Procedure 
The general method used for acoustic waveguide cure monitoring 
(AWG) of composites is outlined in Figure 1. Basically, an acoustic 
waveguide embedded within a material or laminate has 60 to 80 kHz 
acoustic transmitters/receivers bonded to its terminations outside of 
the laminate, and the acoustic wave attenuation and transit time along 
the guide are oscillographically monitored while the laminate is curing 
within a heated press or autoclave. During the cure cycle, a video of 
the oscilloscope screen yields a permanent record of signal levels and 
is valuable for examining rapid changes in signal level occurring at 
gelation. A typical characteristic[I-6] of AWG is maximum acoustic wave 
attenuation at gelation which can also usually be identified by a large 
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and rapid increase in wave transit time, or decrease in acoustic wave 
velocity. In the experiments reported here, two acoustic waveguides 
(0.5 mm diam. Nichrome x 68 em) were embedded 10 cm apart within a 30 cm 
x 30 cm graphite-epoxy laminate (41 ply! 45·, AS4/3501-6). The general 
test procedure was to use a pulsed signal generator to introduce pulsed 
60-80 kHz wavetrains at the acoustic transmitter located at one end of a 
waveguide and to measure the peak value of the signal appearing at the 
acoustic receiver at the far end of a waveguide. Measurements of the 
peak value of signals (VT) at the transmitter, and (VR) at the receiver, 
are expressed as 20 log10 VT/V in decibels (dB) and are used as a 
measure of the acoustic wave a~tenuation along, or between waveguides, 
throughout the cure cycle. 
Experimental Results 
The experimental arrangement allowed many cure monitoring curves to 
be recorded and four different curves were generated, i.e., the acoustic 
wave attenuation versus time along each waveguide, TIRI , T2R2, and the 
attenuation versus time in each direction between waveguides, TIR2 and 
T2RI . These curves are displayed in Figure 2 and the degree of correla-
t10n throughout the 300 minute cure cycle is about !5 dB. As the degree 
of correlation in previous work [1-6] on similar laminate panels using 
single waveguides was in this range, then the +5 dB correlation with the 
double waveguide system provides convincing evidence of the viability of 
this large area cure monitoring method. This is especially true since 
the curves in Figure 2 represent a direct comparison at the same time of 
AWG cure monitoring via acoustic wave attenuation, along each of two 
single waveguides, and in both directions between them. 
~GraPhite/EPoxy Composite 
Press 
Wavetek Ma::Iel 191 
Pulse Function Generator 
TV Monitor 
o 0 
Signal Generator (Pulse Burst Male ISO/sec 
To 
Scope 
32 Cycle Burstsl 
-J\.I\r DO - !!ll kH z 
Acoustic Waveguides 
0.5 mm Oia. x 68 cm 
Nichrome 
=~:~~:-I==~=:==~=:=== 
-10 cm 
=====:..-=--..:-----::..-:..":...-=-~"::.==== 
30 kHz 
High Pass Filter 
DO - !!ll kHz Acoustic 
Transducers Bonded 
to Ends 0/ Waveguide 
From 
- Signal 
Generator 
--- Graphite-Epoxy laminate-3D cm x - 30 cm 
'------------' 41 Ply:;t 45°. AS4/3501-6 
Fig. 1. Schematic of experimental apparatus for cure monitoring using 
two acoustic waveguides embedded within graphite-epoxy 
(AS4/3501-6) composite. 
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Fig. 2. Comparison of acoustic wave attenuation along each waveguide 
and between waveguides during the curing of graphite-epoxy 
laminate with two embedded waveguides. 
MONITORING VOID CONTENT OF COMPOSITE BY MEASURING THE ACOUSTIC WAVE 
ATTENUATION BETWEEN EMBEDDED WAVEGUIDES 
Experiment With Artificial Voids Embedded Within Composite 
In order to simulate the effects of voids forming during curing, 
the previous double waveguide experiment was repeated, but with 
artificial voids dis~ributed between the waveguides. As the laminate is 
subject to 50 lb/in. pressure during the cure cycle, very robust 
ceramic spheres were selected for the artificial voids. These ceramic 
microspheres manufactured by 3M Co. varied in diameter from 0.4 to 
1.6 mm with an average near 1 mm. They are inert, low density spheres 
containing a multiplicity of minute independent closed air cells 
surrounded by a tough ceramic outer shell, are impermeable to water and 
other fluids, and can function at extremely high temperatures and 
pressures. The voids were fairly evenly distributed throughout the 
volume of laminate enclosed by the waveguides, Figure 3, with about 75 
voids per ply for a total of -300 voids. With an ave§age diameter of 
1 mm, the total void volume was approximately 0.16 cm , which represents 
about 0.16% of the total laminate volume between the waveguides. In 
terms of the volume of laminate bounded by the 0.5 mm diameter 
waveguides, the total void volume represents -1%, but it is believed 
that acoustic waves travelling between waveguides propagate within the 
complete laminate thickness of 3.5 mm. Consequently, in terms of 
acoustic wave void sensing within the laminate, the total void volume is 
-0.16% of that of the laminate. 
Experimental Results 
In presenting the results, Figure 4, the average sonic wave 
attenuation in both directions between waveguides from the data, Figure 
2 (no voids), is compared with similar measurements from the panel 
containing the artificial voids. Clearly, there is a significant 
difference between the two curves, with the ftvoid laminate· exhibiting 
increased (N5 to N12 dB) attenuation within the cure cycle, from near 
140 minutes (just before gelation) to near 270 minutes, which is close 
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Fig. 4. Effect of voids on attenuation using two waveguides. 
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to the end of the curing process. With voids scattering and absorbing 
acoustic waves, increased attenuation would be expected. However, 
although this result is encouraging, a repeat experiment with a new 
panel yielded only 3 to S dB attenuation in the same time frame. A 
problem with these types of experiments is the comparing of average 
results from different tests, and for better accuracy an experiment is 
required with three adjacent parallel embedded waveguides. In this way, 
using the central waveguide as a transmitter and the outer waveguides as 
receivers, and with voids seeded within one half of the panel, a very 
accurate test could be performed to confirm the sensitivity of acoustic 
wave void sensing. 
Theoretical Considerations 
Acoustic wave transmission between two waveguides embedded within a 
graphite-epoxy laminate is very complex. The acoustic waves at a 
frequency of 70-80 kHz introduced within the transmitting Nichrome 
waveguide are mainly longitudinal waves travelling at N5000 mls which 
permeate into the laminate as they also propagate along the waveguide. 
Inside the laminate (41 ply .450 layup of graphite fibers) the waves can 
travel in longitudinal form at velocities of N7500 mls within the 
graphite or N2S00 mls within the epoxy, or at about half those 
velocities in the form of shear waves. Reflections at the panel face 
probably cause a conversion of the different forms of waves, and upon 
reception at the receiving waveguide, the waves travel at N5000 mls to 
the transducer bonded to the waveguide termination. Typically, the Awe 
cure curves for each waveguide and between waveguides are similar, 
Figure 2, as well as the wave transit times (N170 #sec near gelation) 
along each waveguide and between waveguides, i.e., from the transmitter 
of one waveguide to the receiver of the other. The transit time in the 
graphite (wave velocity of N7500 m/s) between waveguides (spaced 10 cm) 
calculates to be only N12.S #sec, which was not clearly discernible with 
the degree of accuracy with which transit time measurements could be 
made, i.e., .10%. Consequently, the similar transit time measurements 
of 170 #sec along and between waveguides infer that longitudinal waves 
travel in the graphite fibers between waveguides. 
As the actual acoustic wave propagation and dispersion within the 
curing laminate is so complex that in order to estimate the effect of 
embedded voids on the acoustic wave attenuation a very simplified 
approach has been taken. This approach is based on the absorption cross 
section of an air bubble trapped within epoxy, as calculated by Brown 
and Ming-kai Tse [7]. Their calculations predict an absorption cross 
section of unity for 50 kHz acoustic waves impinging on a 1 mm diameter 
air bubble within epoxy. If 100% sound absorption is assumed within 
this cross section, then for 300, 1 mm diameter vo~ds, the t~tal 
absorption cross sectional area would be 300~/4 mm = 236 mm. Now, the 
total cross sectional area which is acoustically scanned between the two 
waveguides used in the current experimenta2 work is 3~0 (length of 
laminate) x 3.5 (thickness of laminate) mm = 1050 mm. Based on these 
values, the acoustical absorption (attenuation) between waveguides due 
to the 300 embedded voids is related to a reduction in th2 laminate 2 
cross section for acoustic wave transmission from 1050 mm to 814 mm , 
which is equivalent to a signal attenuation of N2.5 dB. Considering 
that this estimate is for absorption at SO kHz, and that experiments 
were performed near 70 kHz where absorptiog is higher (with attenuation 
in a gas approximately proportional to f' the value calculated at 70 
kHz is 6.S dB), then the value of 2.5 dB attenuation gives credibility 
to the experimental values of from 3 to 5 dB and from S to 12 dB. 
It should be borne in mind that the resonant frequency of a 1 mm 
diameter air bubble is calculated to be N160 kHz, so the 1 mm voids 
within the epoxy would probably not be in resonance (most lossy 
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condition) when irradiated with 70 kHz acoustic waves. However, from 
Figure 4 it appears that void attenuation is first evident at about 150 
minutes into the cure cycle (near gelation for AS4/3501-6) and 
throughout the cure cycle, but diminishes rapidly at about 280 minutes 
which is near the end of the cure cycle. It is thought that the voids 
only start to absorb acoustic energy when the epoxy within the laminate 
is fluid and the voids are free to vibrate. This would be the case near 
gelation and also after gelation when the epoxy is a rubbery gel, but 
not at the end of the cure cycle when the voids are locked into the 
solid epoxy. 
CONCLUSIONS 
It has been demonstrated that the technique of acoustic waveguide 
cure monitoring using the attenuation of acoustic waves within a single 
waveguide embedded within a curing laminate can also be applied over 
larger areas by transmission between two embedded, parallel and distant 
waveguides. In the void simulation experiments performed using embedded 
microspheres a sensitivity to detect NO.16% by volume of voids was 
observed. Consequently, it is believed that AWG systems with two or 
more waveguides will allow the sensing of voids forming during the 
curing of laminates. Further work is underway in order to confirm this. 
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